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Abstract 

In order t o  design two-dimensional nozzle/ 
e j ec to r  systems f o r  fu ture  high performance a i r -  
c r a f t ,  the  basic engine exhaust plume velocity and 
temperature decay as affected by the  secondary 
stream (e j ec to r )  and decay augmentation means must 
be assessed. Included in the assessment of the 
plume decay charac te r i s t ics  a re  the  e f fec ts  of 
nozzle aspect r a t i o  and nozzlelejector flow con- 

enhanced by su i tab le  excitation of the  plume shear 
layers. Correlation of these f ac to r s  a re  devel- 
oped in a manner similar t o  previously developed 
f o r  conic and dual-flow nozzle plumes. 

G; 
& di t ions .  Nozzlelejector plume decay can be 
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Nonemclature 

nozzle aspect r a t i o  

nozzle height (Z-axis) 

nozzle diameter 

correlation parameters 

acoustics exciation leve l ,  dB 

nozzle width (Y-axis) 

Mach number 

nozzle radius 

Strouhal excitation number 

to t a l  temperature 

s t a t i c  temperature 

velocity 

axial distance and plane 

width distance and plane 

height distance and  plane 

Subscripts: 
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amb i en t 

center 1 i ne 

e f fec t ive  

excited 

j e t  

secondary stream 

radial  

unexc unexcited 

Z axis direction 

0.5 half velocity or  half temperature 

Introduction 

Propulsion systems f o r  fu ture  high perform- 
ance a i r c r a f t  will  require multipurpose nozzle 
systems tha t  include thrus t  reversal and maneuver- 
ing features.  These multipurpose nozzle require- 
ments can best be achieved with asymmetric nozzles 
such as two-dimensional nozzlelejector concepts 
and the l ike .  In order t o  minimize the s i ze  a n d  
weight of such systems, the  e f fec t  of the  second- 
ary stream (e jec tor  flow) and means f o r  increasing 
the  primary stream velocity and temperature decay 
o f  the engine exhaust stream must be considered. 
The l a t t e r  consideration can include a r t i f i c i a l  
excitation of the enginelejector flow. 

Two-dimensional nozzles inherently provide 
more rapid plume velocity and temperature decay 
charac te r i s t ics  than do conic nozzles of equal 
area and comparable flow conditions. Consequently, 
two-dimensional nozzles in conjunction with su i t -  
able e jec tors  and plume excitation features can 
provide a s ign i f icant ly  reduced e jec tor  shroud 
length when compared with conic nozzlelejector 
configurations yielding similar decay 
charac te r i s t ics .  

The secondary or  e jec tor  stream causes a 
reduction in the natural r a t e  of exhaust plume 
decay, similar t o  the f l i g h t  e f fec t  on conven- 
t ional j e t  exhaust plumes. This causes the plume 
t o  s t re tch  in the  axial direction and reduces the 
radial  spreading r a t e  (Fig. l ( a ) ) .  This in t u r n  
causes an increase in e jec tor  shroud length, hence 
a weight penalty, in order t o  achieve a desired 
e jec tor  velocity and/or temperature level. 

ary stream (e jec tor  flow) on the  exhaust nozzle 
plume, as well as t o  enhance the basic plume decay, 
means t o  augment the r a t e  of plume decay must be 
included in fu ture  nozzlelejector exhaust systems. 
Augmentation of the  exhaust plume decay r a t e  can 
be achieved with aerolmechanical, acoustic or  ther- 
mal means of excit ing the large-scale coherent 
s t ruc ture  of the plume shear layer. 
t he  plume shear layer reduces the j e t  core length 
and increases the  spreading r a t e  of the plume 
(Fig. l ( b ) ) .  Results of excit ing plume shear 
layers a re  independent of the nozzle shape, i .e. ,  
shear layers of conic, two-dimensional and dual 
flow nozzles have a l l  been excited and the r e su l t s  
have been similar.  

In order t o  o f f se t  the  e f f ec t  of t he  second- 

Excitation of 

Excitation of plume shear layers has most 
frequently been achieved with acoustic means, 
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although other means may prove to be more practi- 
cal in the future. In the case of acoustic excit- 
ation, the mechanism appears to involve phase- 
locking of the coherent large-scale structure in 
the plume shear layer with the acoustic signa1.l 
The result is an enhanced mixing of the nozzle 
exhaust stream with the surrounding ambient 
(static or moving) medium.1*2 

ity and temperature decay characteristics are 
presented in Ref. 3. In the present work, the 
effects on two-dimensional nozzle plumes of second- 
ary streams and artificial excitation of the plume 
shear layer are discussed and, where appropriate 
or possible, data correlatiocs are presented. 

Two-Dimensional Nozzle Plume Flow Region? 

It has generally been accepted that a two- 
dimensional nozzle plume consists of three main 
regions shown schematically in Fig. 2 and 
described as follows: 

The basic two-dimensional nozzle plume veloc- 

(1) An initial mixing region defined in the 
literature as the potential core region. In this 
region, the nozzle plume centerline velocity i s  
essentially constant within the mixing boundaries 
and with the axial extent of the region being 
determined by the nozzle half-height, b/2, in the 
Z-plane. 

(2) A transition region a l s o  defined in the 
literature as the characteristic decay region. In 
this region, the velocity decays with increasing 
axial distance, X .  At each axial station, the 
local velocity within the inner mixing boundaries 
is constant in the nozzle width ( Y )  plane. The 
axial extent of the transition region is a func- 
tion of the nozzle half-width, a/2. Note that 
a square nozzle does not have a transition region 
because the plume decay is identical in both the 
Y- and Z-planes, 

mixed or axisymmetric flow region. 
the plume peak velocity always occurs at the noz- 
zle centerline. 

( 3 )  The final region is defined as the fully- 
In this region, 

The p 1 ume temper at ure decay character i s t i cs 
are similar to those described in the preceding 
discussion o f  the plume velocity decay. The axial 
temperature decay, however, is initiated earlier 
(closer to the nozzle exit plane) than that of the 
velocity as shown schematically i n  Fig. 3 .  As a 
consequence, the radial temperature boundary of 
the plume spreads more rapidly than that of the 
velocity, also shown in Fig. 3 .  

Overall Plume Decaycharacteristics 
--I--__- --_- 

A schematic sketch of the typical two- 
dimensional nozzle plume centerline decay with 
axial distance is shown in Fig. 4, together with 
that for a conic (or square) nozzle plume. It is 
apparent that with equal flow conditions the two- 
dimensional nozzle velocity decay is initiated 
sooner (closer to the nozzle exit) than that of 
the conic nozzle. In the initial mixing region, 
the shape of the two curves cnce decay has begun 
is the same although the absolute values differ, 
being a function of the nozzle aspect ratio. In 
the transition region the o-dimensional nozzle 
plume decay follows an Xd1fY decay rate. Finally 

in the fully-mixed region, the slope of both curves 
follow an X - l  decay rate. Although not shown in 
the figure, the plume centerline static temperature 
decay curves for the two configurations are simi- 
lar to the velocity decay curves shown in Fig. 4; 
however, the static temperature decay curve is 
displaced to the left of the velocity decay curve, 
thereby indicating an earlier initiation of decay. 

In Fig. 5, the effect of two-dimensional noz- 
zle aspect ratio on the plume centerline velocity 
decay is shown schematically. 
aspect ratio, the initiation of the velocity decay 
curves shifts to increasingly smaller axial dis- 
tances from the nozzle exit plane. Similar trends 
are obtained for the variation of the plume static 
temperature curves with two-dimensional nozzle 
aspect ratio. 

With increasing 

-___- Data Correlation C o n s i d e r a m  

dimensional engine exhaust plume centerline veloc- 
ity and temperature decay are very limited. 
ever, free-flight effects on some plume decay 
characteristics are available and can be used to 
estimate ejector flow or secondary stream effects 
on the engine plume decay, particularly near the 
nozzle exit plane where the confined flow due to 
the ejector walls is not too important. With both 
the free-stream and ejector flow, the engine 
exhaust plume core is lengthened and the plume 
spreading rate is reduced. Furthermore, conic 
nozzle plume decay data with a secondary stream 
also can be used to help estimate the secondary 
stream effects on two-dimensional nozzle plume 
decay by suitable analogy. Similarly, it will be 
shown that the effects of plume shear layer exci- 
tation on conic nozzle plume centerline decay char- 
acteristics can be extrapolated to two-dimensional 
nozzle plumes. 

when insufficient data are available to establish 
the various plume centerline decay characteristics 
for asymmetric nozzles is the universal relation- 
ship o f  the local plume centerline static temper- 
ature to local plume centerline velocity for the 
entire axial length of single-stream plumes irre- 
spective of nozzle shape. This relationship was 
established for conic nozzles in Ref. 4 and is 
applicable also to excited plumes and plumes in a 
secondary stream. 

Data on the effect of ejector flow on two- 

How- 

The key to the preceding analysis problems 

Secondary Stream Effects on Plume Decay 

The effect of a secondary stream on jet 
plumes has been studied for many years, by numer- 
ous investigators, an example being Ref. 5. For 
the most part these studies have been limited to 
conic nozzles. However, in Ref. 6, cold-flow 
plume centerline velocity decay in a moving air- 
stream is reported for a two-dimensional nozzle 
with an aspect ratio of 12. In Ref. 7, an analy- 
tical method is presented for predicting axisym- 
metric plume characteristics in a moving airstream. 
This reference also contains previously published 
data in this field, includincj that of Ref. 5. The 
analysis of Ref. 7 is also shown to apply to the 
two-dimensional nozzle data of Ref. 6 in the noz- 
zle height (Z) plane. In order to correlate the 
two-dimensional nozzle data of Ref. 6 with conic 
nozzle plume decay data, the author of Ref. 7 
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r e s o r t e d  t o  d i f f e r e n t  c o n s t a n t s  i n  t h e  a n a l y s i s ,  
a d i f f e r e n t  c o n s t a n t  was necessary  f o r  each n o z z l e  
t y p e  

The e f f e c t s  o f  a secondary s t ream on a l l  o f  
t h e  two-d imens iona l  n o z z l e  plume c h a r a c t e r i s t i c s  
o f  i n t e r e s t  a r e  n o t  a v a i l a b l e .  Where such d a t a  
a r e  n o t  d i r e c t l y  a v a i l a b l e ,  t h e  secondary s t ream 
e f f e c t  on such n o z z l e  plumes can be  eva lua ted  by  
ana logy  f rom c o r r  l a t e d  s t a t i c  two-d imens iona l  
n o z z l e  plume datag  and c o n i c  n o z z l e  plume decay 
d a t a  f o r  w h i c h  b t h  s t a t i c  and moving s t ream d a t a  
a r e  avai1able. l . ’  T y p i c a l  o f  such d a t a  u s e f u l  
t o  e s t a b l i s h  t h e  necessary  ana log ies  a r e  shown i n  
F i g s .  6 and 7 ,  t a k e n  f r o m  Ref.  3. I n  F i g .  6, t h e  
v a r i a t i o n  o f  t h e  l o c a l  plume c e n t e r l i n e  s t a t i c  
t empera tu re  r a t i o  i s  shown f o r  two d imens iona l  
n o z z l e s  and o r i f i c e s .  A l s o  shown i s  t h e  c o r r e l a -  
t i o n  c u r v e  f o r  c o n i c  n o z z l e s  taken  f r o m  Ref.  1. 
I n  F i g .  7 ,  t h e  l o c a l  plume c e n t e r l i n e  s t a t i c  tem- 
p e r a t u r e  r a t i o  v a r i a t i o n  w i t h  l o c a l  plume cen te r -  
l i n e  v e l o c i t y  r a t i o  i s  shown f o r  s e v e r a l  secondary 
s t ream- to - je t  v e l o c i t y  r a t i o s  f o r  c o n i c  nozzles.598 
S i m i l a r  d a t a  t o  t h a t  shown i n  F i g .  7 a r e  n o t  a v a i l -  
a b l e  f o r  two-dimensional  n o z z l e s  a t  t h i s  t ime.  

Plume C e n t e r l i n e  Decay C o r r e l a t i o n s  

-____ V e l o c i t y .  The plume c e n t e r l i n e  v e l o c i t y  decay 

The d a t a  shown a r e  presented  

A l s o  shown i n  t h e  f i g u r e  a r e  d a t a  f o r  

w i t h  a secondary  s t ream (moving a i r s t r e a m )  i s  shown 
i n  F i g .  8 f o r  a two-dimensional  n o z z l e  w i t h  an 
aspec t  r a t i o  o f  24.6 
i n  c o n v e n t i o n a l  te rms o f  (Uc - U ) / ( U j  - Uo) 
as a f u n c t i o n  o f  a x i a l  d i s t a n c e  Prom t h e  n o z z l e  
e x i t  p lane .  
a s t a t i c  f l o w  c o n d i t i o n  (Uo = 0 )  t a k e n  f r o m  
Ref.  9. With i n c r e a s i n g  seccndary s t ream- to - je t  
v e l o c i t y  r a t i o ,  U o / U j ,  t h e  decay d a t a  s h i f t s  t o  
i n c r e a s i n g l y  g r e a t e r  a x i a l  d i s t a n c e s  f r o m  t h e  
n o z z l e  e x i t  p lane .  S i m i l a r  t r e n d s  a r e  o b t a i n e d  
w i t h  c o n i c  n o z z 1 e s . l ~ ~  

I n  o r d e r  t o  c o r r e l a t e  t h e  p reced ing  d a t a  on a 
s i n g l e  curve ,  a parameter  Fo, was developed. The 
v a r i a t i o n  o f  F o  w i t h  t h e  v e l o c i t y  r a t i o ,  Uo/Uj,  
i s  shown i n  F i g .  9 f o r  c o n i c  n o z z l e s  and a two-  
d imens iona l  n o z z l e  w i t h  an aspec t  r a t i o  o f  24. 
The s o l i d  cu rves  th rough  t h e  d a t a  were c a l c u l a t e d  
u s i n g  t h e  f o l l o w i n g  equa t ion :  

F o  = 1 + 0.725(AR)0.33(Uo/Uj)1.33/(l - Uo/Uj)o.125 

The secondary  s t ream parameter,  Fo, was 
s e l e c t e d  t o  p r o v i d e  l i m i t  va lues  o f  1.0 when 
U o / U j  was 0 and i n f i n i t y  when Uo /U j  was 1; 
consequent ly ,  Eq. (1) i s  n o t  v a l i d  when 
i s  g r e a t e r  t h a n  1, as i n  some s t u d i e s .  

can  be s i m p l i + i e d  t o :  

Uo/Uj 

F o r  U o / U .  va lues  l e s s  t h a n  0.8, Eq.  (1) 

( 2 )  

A compar ison o f  F o  w i t h  Fp va lues  f o r  
v a r i o u s  U o / U j  r a t i o s  i s  shown i n  Tab le  1. The 
t a b l e  j n d i c a t e s  t h a t  t h e  d i f f e r e n c e s  between Fo 
and Fo 
t h u s  p e r m i t t i n g  t h e  use  o f  t h e  s i m p l i f i e d  param- 
e t e r  Fo. 

a r e  sma l l  up t o  a Mach number o f  0.8, 

The c o r r e l a t e d  secondary  s t ream d a t a  f o r  t h e  
two-dimensional  n o z z l e  wi th  an aspec t  r a t i o  o f  2 4  
u s i n g  t h e  Fo parameter  i s  shown i n  F i g .  10 i n  
t e r m s  o f  ( u  - U )/(U. - Uo) as a f u n c t i o n  o f  
X/bFo. I n  F i g .  11, t A e  c o r r e l a t e d  secondary 
s t ream d a t a  f o r  a c o n i c  n o z z l e 5  u s i n g  t h e  Fo 
parameter  i s  shown. I t  i s  apparent  f r o m  t h e  d a t a  
c o r r e l a t i o n  i n  t h e s e  two  f i g u r e s  t h a t  t h e  F 
parameter  c o r r e l a t e s  t h e  plume c e n t e r l i n e  v e f o c i t y  
decay e x t r e m e l y  w e l l  f o r  b o t h  t h e  c o n i c  and two- 
d imens iona l  nozz les .  

On t h e  b a s i s  o f  t h e  p r e c e d i n g  d a t a  c o r r e l a t i o n  
techn ique,  i t  appears reasonab le  t o  a p p l y  t h e  Fo 
parameter  t o  t h e  v a r i o u s  s t a t i c  f l o w  two-dimensional  
n o z z l e  plume c e n t e r l i n e  v e l o c i t y  decay d a t a  
i n c l u d e d  i n  Ref.  3 i n  o r d e r  t o  e s t i m a t e  t h e  plume 
c e n t e r l i n e  v e l o c i t y  decay when a secondary s t ream 
i s  p resen t .  

S t a t i c  tempera ture .  Two-dimensional n o z z l e  
plume c e n t e r l i n e  s t a t i c  t empera tu re  decay i n  a 
secondary s t ream d a t a  were n o t  a v a i l a b l e  f o r  t h i s  
s tudy .  However, such d a t a  were a v a i l a b l e  f o r  a 
c o n i c  n ~ z z l e . ~  
s u c c e s s f u l l y  accompl ished a l s o  by  t h e  use  o f  t h e  
Fo parameter  used t o  c o r r e l a t e  t h e  plume cen te r -  
l i n e  v e l o c i t y  decay. 
shown i n  F i g .  1 2  i n  te rms o f  ( t c  - t a ) / ( t j  - t P )  
as a f u n c t i o n  o f  X/DjF0. Aga in  good c o r r e l a t i o n  
o f  t h e  d a t a  was ob ta ined,  as was t h e  case f o r  t h e  
v e l o c i t y  decay d a t a  f r o m  t h e  same r e f e r e n c e  and 
shown i n  t h e  p r e v i o u s  f i g u r e .  

On t h e  b a s i s  o f  t h e  c o r r e l a t i o n  o f  t h e  c o n i c  
n o z z l e  plume c e n t e r l i n e  s t a t i c  t empera tu re  decay 
shown i n  F i g .  1 2  and by  ana logy  t o  t h e  p reced ing  
c o n i c  and two-dimensional  n o z z l e  plume c e n t e r l i n e  
v e l o c i t y  decay c o r r e l a t i o n ,  i t  appears f e a s i b l e  t o  
use  t h e  Fo parameter  t o  c o r r e l a t e  o r  e s t i m a t e  
t h e  plume c e n t e r l i n e  s t a t i c  t empera tu re  decay f o r  
two-dimensional  n o z z l e s  i n  a secondary  stream. Thus 
t h e  c u r v e  i n  F i g .  7 t h a t  was i n i t i a l l y  developed 
f r o m  c o n i c  n o z z l e  plume d a t a  i s  cons ide red  t o  b e  
a p p l i c a b l e  a l s o  f o r  two-d imens iona l  n o z z l e  plumes 
w i t h  secondary streams. 

C o r r e l a t i o n  o f  t h e s e  d a t a  was 

The c o r r e l a t e d  d a t a  a r e  

Plume R a d i a l  Decay -__ 

The l i t e r a t u r e  c o n t a i n s  some d a t a  on t h e  r a d i a l  
v e l o c i t y  decay o f  two-d imens iona l  n o z z l e  plumes 
w i t h  a secondary stream. No such d a t a  a r e  a v a i l -  
a b l e  f o r  t h e  r a d i a l  s t a t i c  t empera tu re  decay. 
Consequent ly,  t h e  e f f e c t  o f  a secondary  s t ream on 
two-dimensional  n o z z l e  plume r a d i a l  s t a t i c  temper- 
a t u r e  decay must b e  e s t i m a t e d  f r o m  an ana logy  
approach. Fur thermore ,  plume r a d i a l  decay d a t a  
w i t h  a secondary s t ream a r e  a v a i l a b l e  o n l y  i n  t h e  
n o z z l e  h e i g h t  ( Z )  p lane.  Thus, i t  must be  assumed 
t h a t  t h e  plume r a d i a l  decay i n  t h e  n o z z l e  w i d t h  
( Y )  p l a n e  f o l l o w s  s i m i l a r  t r c n d s .  

t h e  plume r a d i a l  v e l o c i t y  decay i s  shown i n  F i g .  13  
f o r  a n o z z l e  aspec t  r a t i o  o f  24. 
were t a k e n  f r o m  Ref. 6 and a r e  i n  t h e  n o z z l e  
h e i g h t  ( Z )  p lane .  I n  F i g .  13 (a ) ,  t h e  plume r a d i a l  
v e l o c i t y  decay f o r  s e v e r a l  U / U j  r a t i o s  a r e  
shown a t  a nominal  X / D e  o f  9.7. The plume 
r a d i a l  v e l o c i t y  decay c u r v e  f o r  a c o n i c  n o z z l e  i s  
a l s o  shown i n  t h e  f i g u r e  as a b a s i s  f o r  comparison. 
I t  i s  apparent  t h a t  t h e  c o n i c  n o z z l e  and two- 
d imens iona l  n o z z l e  plumes have s i m i l a r  r a d i a l  
decay c h a r a c t e r i s t i c s .  I n  F i g .  13 (b ) ,  t h e  plume 

V e l o c i t y .  The e f f e c t  o f  a secondary  s t ream on  

The d a t a  shown 
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r a d i a l  v e l o c i t y  decay f o r  t h e  two-d imens iona l  
n o z z l e  d a t a  o f  Ref .  6 i s  shown i n  t h e  n o z z l e  
h e i g h t  ( Z )  p l a n e  f o r  seve ra l  X / D  l o c a t i o n s  
and a t  a c o n s t a n t  U o / U .  r a t i o  o f  0.5. F o r  
comparison, t h e  c o n i c  nazz le  plume r a d i a l  v e l o c i t y  
decay c u r v e  i s  a g a i n  shown. A t  a l l  X / D e  l o c a -  
t i o n s ,  t h e  plume r a d i a l  v e l o c i t y  decay d a t a  f o r  
t h e  two-dimensional  nozz le  i s  aga in  seen t o  c o i n -  
c i d e  w i t h  t h e  c o n i c  nozz le  plume cu rve .  

S t a t i c  tempera ture .  I n  Ref. 3, t h e  plume 
r a d i a l  s t a t i c  tempera ture  and v e l o c i t y  decay f o r  
ambient e x t e r n a l  c o n d i t i o n s  were rep resen ted  b y  
s i m i l a r  r e l a t i o n s h i p s .  With a secondary stream, 
t h e  plume r a d i a l  v e l o c i t y  decay was shown t o  be  a 
f u n c t i o n  o f  t h e  secondary s t ream v e l o c i t y  i n  t h e  
p r e c e d i n g  s e c t i o n  and F ig .  13. However, t h e  plume 
r a d i a l  s t a t i c  tempera ture  decay i s  assumed h e r e i n  
t o  remain  a f u n c t i o n  o f  t h e  ambient s t a t i c  temper- 
a t u r e  r a t h e r  t h a n  t h a t  o f  t h e  secondary  stream. 
The assumed v a r i a t i o n  o f  t h e  plume r a d i a l  s t a t i c  
t empera tu re  decay w i t h  a secondary  s t ream i s  shown 
i n  F ig .  14  i n  te rms o f  [ ( t R  - t a ) / ( t c  - t a ) J z  
a f u n c t i o n  o f  Z / Z o . $ .  T h i s  c u r v e  i s  i d e n t i c a l  
t o  plume r a d i a l  s t a t i c  tempera ture  decay c u r v e  
g i v e n  i n  Ref. 3 f o r  ambient e x t e r n a l  c o n d i t i o n s .  

as 

Plume Decay M o d i f i c a t i o n  -- 
Plume v e l o c i t y / t e m p e r a t u r e  decay and sp read ing  

c h a r a c t e r i s t i c s  can  be  m o d i f i e d  b y  e x c i t i n g  o r  
p e r t u r b i n g  t h e  coheren t  l a r g e - s c a l e  s t r u c t u r e  i n  
t h e  plume shear  l a y e r .  
shear  l a y e r  can be  achieved y c s t i c ,  ae ro /  
mechanical  o r  t he rma l  means. p,18-py A l s o  r e s u l t s  
o b t a i n e d  by  e x c i t a t i o n  o f  t h e  plume shear  l a y e r  
a r e  independent o f  t h e  nozz le  shape, e x c i t a t i o n  
h a v i n g  been s u c c e s s f u l l y  p p l i e d  t o  plumes o 

and two-dimensional  nozz les .  ya6-20 

E x c i t a t i o n  o f  t h e  plume 

f4,15 c o n i c  ( c i r c u l a r )  nozz les ,  P d 1 f l o w  n o z z l e s  

A m p l i f i c a t i o n  o r  e x c i t a t i o n  o f  l a r g e - s c a l e  
s t r u c t u r e s  i n  j e t  plumes can occu r  when t h e  pe r -  
t u r b a t i o n  f requency  i s  t h e  same as t h e  n a t u r a l  
f requency  o f  t h e  co  e r e n t  l a r g e - s c a l e  s t r u c t u r e  
i n  t h e  shear  layer . )  The magn i tude o f  t h e  l a r g e -  
s c a l e  s t r u c t u r e  a m p l i f i c a t i o n  i s  a f u n c t i o n  o f  t h e  
p e r t u r b a t i o n  s t r e n g t h  ( a c o u s t i c  l e v e l  f o r  a c o u s t i c  
e x c i t a t i o n ) ,  j e t  f l o w  c o n d i t i o n s  and l o c a t i o n  o f  
t h e  p e r t u r b a t i o n  source  r e l a t i v e  t o  t h e  plume 
( w i t h i n  t h e  n o z z l e  o r  e x t e r n a l  t o  t h e  n o z z l e ) .  
By-products o f  plume e x c i t a t i o n  can  i n c l u d e  
inc reased  t u r b u l e n c e  l e v e l s  i n  t h e  p ume r e s u l t i n g  
in some i n c r e a s e  i n  j e t  n o i s e  l e v e l . 1  I t  i s  
f u r t h e r  s t a t e d  i n  Ref.  19 t h a t  two-d imens iona l  
plumes a r e  more s e n s i t i v e  t o  e x t e r n a l  e x c i t a t i o n  
t h a n  Ref.  17 and o t h e r s  suggest. Indeed, d a t a  i n  
Ref.  19  i n d i c a t e s  an extreme f requency  s e n s i t i v i t y  
i n  t h e  e x c i t a t i o n  o f  a plume t h a t  i s  a l s o  borne 
o u t  i n  unpub l i shed  c o n i c  n o z z l e  work b y  t h e  
Lockheed-Georgia Corpo ra t i on  under c o n t r a c t  t o  
NASA. 
number can  produce l a r g e  changes i n  t h e  l a r g e -  
s c a l e  and t u r b u l e n c e  s t r u c t u r e s  o f  t h e  plume shear  
l a y e r .  T h i s  may h e l p  t o  e x p l a i n  some of t h e  anom- 
a l o u s  b e h a v i o r  p r e s e n t  i n  t h e  c u r r e n t  a v a i l a b l e  
exper iment  a1 da ta .  

e x c i t a t i o n  d a t a  have been o b t a i n e d  w i t h  an acous- 
t i c  e x c i t a t i o n  source, c o l d  f l o w  and sma l l - sca le  
models o v e r  a range o f  subsonic and low  superson ic  
j e t  Mach numbers. 
o b t a i n e d  o n l y  a long  t h e  plume c e n t e r l i n e  i n  t h e  

Very  s m a l l  changes i n  e x c i t a t i o n  S t rouha l  

Most  o f  t h e  a v a i l a b l e  exper imen ta l  plume 

I n  general ,  t h e  d a t a  have been 

n o z z l e  h e i g h t  ( Z )  p lane .  
a v a i l a b l e  on  t h e  e f f e c t  o f  p lume sp read ing  under  
t h e  i n f l u e n c e  of  an e x c i t a t i o n  source. F i n a l l y ,  
w h i l e  some d a t a  a r e  a v a i l a b l e ,  t h e  e f f e c t  o f  tem- 
p e r a t u r e  l e v e l  on t h e  plume v e l o c i t y  decay of  an 
e x c i t e d  plume i s  p r e s e n t l y  n o t  unders tood.  A 
hea ted  j e t  plume shows a response t o  e x c i t a t i o n  
t h a t  depends on j e t  Mach number and tempera ture .  
T h i s  response decreases w i t h  b o t h  when t h e  f l o w  
i s  t u r b u l e n t .  

Only l i m i t e d  d a t a  a r e  

The f o l l o w i n g  s e c t i o n s  p r e s e n t  a b r i e f  over -  
v iew  of some o f  t h e  a v a i l a b l e  i n f o r m a t i o n  on t h e  
e f f e c t  o f  e x c i t a t i o n  on plume decay c h a r a c t e r i s -  
t i c s .  F o r  t h e  most p a r t  t h e  e x c i t a t i o n  sou rce  i s  
a c o u s t i c ,  a l t h o u g h  s i m i l a r  e f f e c t s  have been 
r e p o r t e d  i n  t h e  l i t e r a t u r e  u s i n g  o t h e r  sources .  

E x c i t e d  Plume C e n t e r l i n e  Decay 

I n  c o l d - f l o w  s t u d i e s  d i r e c t e d  toward  more 
r a p i d  plume decay, e x c i t a t i o n  has ach ieved more 
r a p i d  decay o f  t h e  c e n t e r l i n e  v e l o c i t y  compared 
w i t h  t h a t  o f  u n e x c i t e d  plumes. These r e s u l t s  
were  o b t a i n e d  w i t h  b o t h  l a m i n a r  and t u r b u l e n t  
f l o w s  and a r e  documented i n  t h e  l i t e r a t u r e .  Lim- 
i t e d  unpub l i shed  d a t a  w i t h  a heated, i n t e r n a l l y  
a c o u s t i c a l l y  e x c i t e d  c o n i c  j c t  have a l s o  been 
o b t a i n e d  by  t h e  Lockheed-Georgia C o r p o r a t i o n  under  
c o n t r a c t  t o  NASA, as p r e v i o u s l y  c i t e d ,  i n  a con- 
t i n u a t i o n  o f  t h e  work r e p o r t e d  i n  Ref.  1. I n  t h e  
l a m i n a r  f l o w  reg ime (Mj,  0.3) ,  a c o u s t i c  e x c i t a -  
t i o n  produced a much more r a p i d  plume c e n t e r l i n e  
v e l o c i t y  decay t h a n  t h a t  o b t a i n e d  w i t h o u t  e x c i t a -  
t i o n .  However, i n  t h e  t u r b u l e n t  f l o w  reg ime (Mj, 
0.8 and 1.15), the e f f e c t  a t  a g i v e n  a c o u s t i c  l e v e l  
decreased w i t h  i n c r e a s i n g  j e t  t empera tu re  r a t i o ,  
T j /Ta .  F o r  example, w i t h  a c o n i c  nozz le ,  a j e t  
Mach number o f  0.8 and an a c o u s t i c s  e x c i t a t i o n  
l e v e l  o f  150 dB, o n l y  s m a l l  e f f e c t s  on t h e  plume 
c e n t e r l i n e  v e l o c i t y  decay were o b t a i n e d  a t  a 
T j / T a  o f  2.3, whereas s i g n i f i c a n t  decay e f f e c t s  
were  o b t a i n e d  w i t h  c o l d  f l o w  and o t h e r w i s e  s i m i l a r  
c o n d i t i o n s .  P o s s i b l e  reasons  f o r  t h i s  phenomenon 
a r e  d i scussed  i n  Ref .  21. I n  t h i s  r e f e r e n c e  i t  i s  
s t a t e d  t h a t  plume e x c i t a t i o n  by  e x t e r n a l  sources, 
i n c l u d i n g  a c o u s t i c  means, i s  t i e d  t o  t h e  j e t  f l o w  
s t a t e .  
u n s t a b l e  j e t s ,  acco rd ing  t o  Ref .  21, a p p a r e n t l y  
can  be  e x c i t e d .  However, h o t  j e t s  t h a t  a r e  
a b s o l u t e l y  u n s t a b l e  f l o w s  m a i n t a i n  f l u c t u a t i o n s  
independent  o f  e x t e r n a l  a c o u s t i c  e x c i t a t i o n .  
T h i s  phenomenon needs f u r t h e r  s t u d y  t o  v e r i f y  t h e  
i m p o r t a n t  consequences o f  t h e s e  f i n d i n g s .  
a l s o  necessary  t o  de te rm ine  r;hether o t h e r  means 
o f  e x c i t a t i o n  t h a n  a c o u s t i c s  c o u l d  have s i m i l a r  
r e s t r i c t i o n s  t o  t h e i r  e f f e c t i v e n e s s .  

C o l d  f l o w  j e t s  t h a t  a r e  c o n v e c t i v e l y  

I t  i s  

I n  Ref .  4, l i m i t e d  unpub l i shed  s t a t i c  plume 
c e n t e r l i n e  decay d a t a  f o r  a c o n i c  n o z z l e  w i t h  and 
w i t h o u t  e x c i t a t i o n  were i n c l u d e d .  These d a t a  
o b t a i n e d  b y  t h e  Lockheed-Georgia C o r p o r a t i o n  under 
c o n t r a c t  t o  NASA a r e  reproduced i n  F i g .  15  as t h e  
v a r i a t i o n  o f  ( t c  - t a ) / ( t j  - t ) w i t h  Uc /U j ,  
t h e  d a t a  were t a k e n  w i t h  a 5.08 cm d iamete r  noz- 
z l e ,  a j e t  Mach number o f  0.8 and a j e t  t o t a l  tem- 
p e r a t u r e  o f  489 K. An a c o u s t i c  e x c i t a t i o n  l e v e l  
o f  147 dB w i t h  a S t r o u h a l  e x c i t a t i o n  number o f  
0.35 r e s u l t e d  i n  t h e  d a t a  shown. The d a t a  
o b t a i n e d  w i t h  a r o t a t i n g  d i s k  t u r b u l a t o r  were 
a l s o  t a k e n  f r o m  Ref. 4 b u t  were o r i g i n a l l y  pub- 
l i s h e d  i n  Ref. 12. A l s o  shown i n  t h e  f i g u r e  i S  
t h e  u n e x c i t e d  j e t  decay c u r v e  f o r  c o n i c  n o z z l e  
t a k e n  f rom Ref. 4. The d a t a  shown i n d i c a t e  t h a t  
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both the excited and unexcited data are repre- 
sented by the same curve. Furthermore in Fig. 6 
it was shown that the unexcited static plume 
centerline velocity/temperature decay data for 
two-dimensional nozzles also fell on conic nozzle 
curve. On the basis of these considerations, it 
can be assumed that, by analogy, excited plume 
centerline decay data are also represented by the 
curve shown in Fig. 15. 

- Excited Plume Radial Decay 

Excited two-dimensional nozzle plume radial 
decay data are presently not available in the open 
literature. However, such data (unpublished) have 
been obtained for conic nozzle plumes by the 
Lockheed-Georgia Corporation under contract to 
NASA and are shown and discussed in the following 
sect i ons . 

Velocity. Representative excited and unexcited 
conic nozzle plume radial velocity decay data 
(unpublished) are shown in Fig. 16. Also shown 
for comparison is the correlation curve from Ref. 4. 
It is evident that both excited and unexited plume 
radial velocity decay are represented by this 
curve and hence have the same decay rates. 

In Ref. 2 it was shown that unexcited conic 
and two-dimensional nozzle plumes have the same 
radial velocity decay rates when analyzed using 
nondimensional parameters. Because the excited 
and unexcited conic nozzle plume radial velocity 
also have the same radial velocity decay rates, 
it can be assumed with a high degree o f  confidence 
that, by analogy, excited two-dimensional nozzle 
plume radial velocity decay is also represented 
by the curve shown in Fig. 16. 

Static temperature. Typical excited and 
unexcited conic nozzle plume radial static temper- 
ature decay data (unpublished) are shown in Fig. 17. 
Also shown is the correlation curve from Ref. 4. 
As in the case of the plume radial velocity decay, 
both excited and unexcited plume radial static 
temperature decay are represented by the same 
curve and consequently have similar decay rates. 
On the rationale as just discussed for the plume 
radial velocity decay, it can be assumed that, by 
analogy, excited and unexcited two-dimensional 
nozzle plume radial static temperature decay are 
also represented by the curvc in Fig. 17. 

Excited Plume Spreading 

-___--_I_ 

--_---___ 
Although the literature contains some data on 

excited plume spreading characteristics for two- 
dimensional nozzle plumes (e.g., Ref. 18), the 
data are insufficient to provide the base for the 
necessary correlation parameters. However, the 
studies indicate that excitation enhances both the 
plume velocity and static temperature spreading 
rates as a function of the perturbation strength. 
In Ref. 19, an increase o f  up to 45 percent was 
obtained in the spreading rate in the nozzle 
height (Z) plane with acoustic levels of 105 dB. 
It should be noted that the preceding results were 
obtained with an aspect ratio of 48 and the jet 
confined between side plates in the nozzle width 
( Y )  plane. Strouhal numbers from 0.083 to 1.745 
were included in the study, with the maximum plume 
spreading occurring with a Strouhal excitation 
number of 0.29. However, as in the case of the 
excited plume centerline decay, a satisfactory 

general correlation for excited heated jet spread- 
ing is not currently available. 

Secondary Stream Effects Or: Excited Plume Decay 

The effect of a secondary stream on an excited 
two-dimensional nozzle plume causes the same order 
of magnitude change in the plume decay as that for 
an unexcited plume. Thus, the curve in Fig. 7 can 
be used to estimate the excited plume centerline 
temperature decay in the presence of a secondary 
stream (e.iector or fliqht) by substitutinq 

figure. 

line decay of an excited two-dimensional nozzle 
plume must be determine by analogy to excited 
conic nozzle plume centerline decay data. In 
Fig. 18, the excited conic plume velocity ratio, 
(Uc - Uo)/(Uj - Uo)ex is plotted as a function 
of the unexcited nozzye centerline plume velocity 
velocity ratio ( u  - Uo)/(Uj - Uo)unexc .for several 
axial stations. fn the figure, the static data 
(Uo/Uj = 0) are shown by the circle symbols while 
the data with a secondary stream ( U o / U j  = 0.43) 
are shown by the square symbols. Both sets of 
data fall on the same curve (solid line in the 
figure). It is apparent from these data that, 
over the range of data shown, the same relation- 
ship exists between excited and unexcited plumes 
with and without a secondary stream. Furthermore, 
on this basis it appears reasonable, by analogy, 
that the curve shown in Fig. 18 also is applicable 
to excited plumes with secondary streams if the 
excited static temperature and excited velocity 
ratios are substituted for the corresponding 
static ratios. 

The effect of a secondary flow on the center- 

Concluding Remarks 

from the preceding discussions of excited jet 
plume characteristics, it is evident that when 
the plume large-scale shear layer structure is 
modified by excitation, large changes in the rate 
of plume centerline velocity and static tempera- 
ture decay as well as in the plume spreadinq rate 
can be achieved with and without a secondary 
stream. Such changes in the plume characteristics 
can beneficially influence the design, weight and 
performance of an ejector for both conic and asym- 
metric nozzle systems. While the excited data 
were obtained by acoustically exciting the plume, 
the literature, as previously stated, indicates 
other means can be used, such as aerolmechanical 
or thermal means. These latter means may perhaps 
avoid the temperature problems that have been 
encountered to date with acoustic excitation. 

Conclusions ~ _ _  

On the basis of a study concerned with secondary 
stream and plume excitation effects on two- 
dimensional nozzle plume decay and spreading char- 
acteristics, the following conclusions are made: 

1. Secondary stream effects on two-dimensional 
nozzle plume centerline velocity and static tem- 
perature decay characteristics were correlated to 
similar data for ambient conditions by the inclu- 
sion of appropriate flow and configuration 
parameters. 

5 



2. A r t i f i c i a l  e x c i t a t i o n  o f  t h e  coheren t  
l a r g e - s c a l e  s t r u c t u r e  i n  t h e  plume shear  l a y e r  
p roduced more r a p i d  plume decay and sp read ing  of 
two-d imens iona l  plumes i n  a manner s i m i l a r  t o  t h a t  
p r e v i o u s l y  observed w i t h  c o n i c  n o z z l e  plumes. 

3. C o r r e l a t i o n s  developed i n  t h e  p r e s e n t  s t u d y  
p r o v i d e  a means o f  e s t i m a t i n g  t h e  plume c e n t e r l i n e  
v e l o c i t y  and s t a t i c  tempera ture  decay f o r  two- 
d imens iona l  n o z z l e s  f rom c o l d - f l o w  plume c e n t e r -  
l i n e  decay  measurements f o r  b o t h  secondary  s t ream 
and a r t i f i c i a l  e x c i t a t i o n  e f f e c t s .  

4. Two-dimensional nozz.le plume r a d i a l  v e l o c -  
i t y  decay w i t h  e x c i t a t i o n  and /o r  a secondary 
s t ream showed s i m i l a r  r a t e s  o f  decay as t h o s e  f o r  
ambien t  e x t e r n a l  f l o w  c o n d i t i o n s .  
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TABLE 1.- TWO-DIMENSIONAL 

NOZZLE SECONDARY STREAM 

CORRELATION PARAMETERS 

(AR = 1) 

1.034 
1.087 
1.174 
1.314 
1.488 
1.659 
1.840 
00 

0.1 
.2  
.33 
. 5  
.67 
.8 

1.029 
1.081 
1.171 
1.318 
1.494 
1.544 
1.769 
1.900 

I 
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PLUME EXTERNAL STATE 

- AMBIENT -- WITH SECONDARY STREAM --- WITH EXCITATION 

L 

( A )  SECONDARY STREAM. 

(B)  SHEAR LAYER EXCITATION. 

FIGURE 1. - SCHEMATIC SKETCH OF SECONDARY STREAM AND SHEAR LAYER 
EXCITATION EFFECTS ON JET PLUME VELOCITY DECAY. 

2 I 

FIGURE 2. - SCHEMATIC SKETCH OF TWO-DIMENSIONAL NOZZLE PLUME SHOWING 
PERTINENT FLOW REGIONS. 



VELOC I TY 
- - - TEMPERATURE 

Y - - -OUTER 

e x  
INNER 

FIGURE 3 .  - SCHEMATIC SKETCH OF INNER AND OUTER ( U  = Uj /2 )  
PLUME MIXING REGIONS. 
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TWO- ' 
DIMENSION 

;A*L)\ \,rCONIC NOZZLE 

NOZZLE -' 

I N I T I A L  MIXING- 
+- 

REGION 
"y MIXED 

REGION .tblUlJ 

AXIAL DISTANCE. X - 
FIGURE 4 .  - SCHEMATIC SKETCH OF TWO-DIMENSIONAL NOZZLE 

CENTEKLINE AXIAL VELOCITY AND TEMPERATURE DECAY. 
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AXIAL DISTANCE, X - 
FIGURE 5. - SCHEMATIC SKETCH OF THE EFFECT OF TWO- 

DIMENSIONAL NOZZLE ASPECT RATIO ON THE PLUME 
CENTERL I NE VELOCITY AND TEMPERATURE DECAY. 

AR TYPE 

0 6 NOZZLE 
5 DELTA NOZZLE (FLARED SIDEWALLS) 

0 10 ORIFICE 
n 20 ORIFICE 
v 40 ORIFICE 
n 10 ORIFICE - CONIC NOZZLE. REFERENCE 1 

I I 
.5 1 .o 

/ 

FIGURE 6. - TYPICAL VARIATION OF LOCAL PLUME CENTERLINE 
STATIC TEMPERATURE RATIO WITH LOCAL VELOCITY RATIO FOR 
TWO-DIMENSIONAL NOZZLES AND ORIFICES. REFERENCE 3.  
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I I l l l t  I I 

- A .47 5 7 CONIC NOZZLE 
CORRELATION, 
REFERENCE 4 

I I I I 
.2  .4 .6 .8 1 .o 

U, - U,/Uj - U, 
FIGURE 7. - CORRELATION OF PLUME CENTERLINE STATIC TEMPERATURE 

DECAY WITH VELOCITY DECAY FOR SEVERAL SECONDARY STREAM 
VELOCITY RATIOS. CONIC NOZZLES. 
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FIGURE 9. - VARIATION OF SECONDARY STREAM CORRELATION 
PARAMETER, F,. WITH VELOCITY RATIO, U,/Uj. 
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U,/Uj REFER- 
ENCE 

0 0  9 
0 .33 6 
0 -50 6 
A .67 6 

I I I I I I  

U 

I 1 

u,/u j 

0 0.05 

- CONIC NOZZLE CURVE 
- SHAPE. u,/U j = 0: 
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FIGURE 11. - CORRELATION OF SECONDARY STREAM EFFECT ON CONIC 
NOZZLE PLUME CENTERLINE VELOCITY DECAY. REFERENCE 5 DATA. 
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FIGURE 12. - CORRELATION OF SECONDARY STREAM EFFECT ON 
CONIC NOZZLE PLUME CENTERLINE STATIC TEMPERATURE 
DECAY, REFERENCE 5 DATA. 
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. 2  

( A )  EFFECT OF U,/Uj ; WD,, 2 .7 .  

0 1 2 
z/z0.5 

(B) EFFECT OF WD,; U,/Ujn 0.5. 

FIGURE 13. - REPRESENTATIVE TWO-DIMENSIONAL NOZZLE PLUME 
RADIAL VELOCITY DECAY I N  NOZZLE HEIGHT ( Z )  PLANE WITH 
A SECONDARY STREAM. AR. 24; REFERENCE 6 DATA. 
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FIGURE 14. - REPRESENTATIVE TWO-DIMENSIONAL NOZZLE PLUME 
RADIAL STATIC TEMPERATURE DECAY I N  NOZZLE HEIGHT ( Z )  
PLANE WITH AND WITHOUT SECONDARY STREAM. 
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ORIGI- EXCITATION METHOD 
NAL 

REFER- 
ENCE 

0 4 NONE 
0 4 ACOUSTIC 
0 12 NONE 
n 12 ROTATING DISK TURBULATOR 

UNEXCITED CONIC NOZZLE, REFERENCE 4 

0 .2 .4 .6 .8 1 .o 
U,/U j 

FIGURE 15. - PLUME CENTERLINE STATIC TEMPERATURE-TO- 
VELOCITY VARIATION WITH AND WITHOUT FLOW EXCITATION. 
CONIC NOZZLE; REFERENCE 4 DATA. 

1 7  



1 .o 

.a 

.6 

V 
=I 

=I 
‘z 

.4 

.1 

Mi Tj, Le, Ste 
K dB 

0.48 489 149 0.44 
.80 489 147 -35 
.81 810 0 0 - UNEXCITED CONIC NOZZLE, 

REFERENCE 4 
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- 

0 1 2 
R’RO. 5 

FIGURE 16. - REPRESENTATIVE PLUME RADIAL VELOCITY DECAY 
WITH AND WITHOUT ACOUSTIC EXCITATION. UNPUBLISHED 
DATA; D i e  5.08 CM; WDj, 9; CONIC NOZZLE. 
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FIGURE 17. - REPRESENTATIVE PLUME RADIAL STATIC TEMPERA- 

TURE DECAY WITH AND WITHOUT ACOUSTIC EXCITATION. UN- 
PUBLISHED DATA; CONIC NOZZLE; D j ,  5.08 CM; WDj, 9. 
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FIGURE 18. - EFFECT OF ACOUSTIC EXCITATION ON PLUME 

CENTERLINE VELOCITY DECAY WITH AND WITHOUT A 

TATION LEVEL, 141 dB: COLD FLOW: REFERENCE 1 
DATA. 
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